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ABSTRACT: Aluminum doped zinc oxide (ZnO:Al) films were prepared by high rate magnetron sputter deposition 
either in reactive or non reactive mode from metallic or ceramic targets, respectively. These two different sputtering 
modes were compared in view on industrial scale production. We characterized the electrical properties in 
dependence on deposition parameters and growth rate. The deposition pressure dependence and statically deposited 
ZnO:Al films revealed a strong influence of high energy ion bombardment, which reduces conductivity and thus has 
to be avoided by appropriate deposition conditions. Finally, texture-etched ZnO:Al films were successfully applied 
as front contacts for silicon thin film solar cells. An initial aperture area (676 cm²) module efficiency of nearly 10 % 
was achieved for a-Si:H/µc-Si:H tandem modules for both ZnO:Al preparation processes. 
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1 INTRODUCTION 
 
Aluminum doped zinc oxide (ZnO:Al) films, 
prepared by magnetron sputtering and surface textured 
by wet-chemical etching, are a promising TCO material 
for the use as front contact in amorphous (a-Si:H) and 
microcrystalline (µc-Si:H) silicon thin film solar cells 
[1,2,3]. In view on industrial application cost-effective 
processes at high growth rates are required. However, so 
far best solar cell performance is still achieved applying 
ZnO:Al front contacts, sputtered at low rates with radio 
frequency excitation from relatively expensive ceramic 
targets [2,4,5]. This study addresses the development of 
surface-textured ZnO:Al front contacts for highly 
efficient silicon thin film solar cells by high rate sputter 
deposition from cost-effective ceramic or metallic 
targets. 
We compare ZnO:Al films prepared either by 
reactive mid-frequency (MF) sputtering from metallic 
targets or by non-reactive sputter deposition from cost 
effective ceramic target with DC or pulsed (DCP) 
excitation. We investigate the relationship between 
process conditions, especially the growth rate, and 
electrical and optical properties. Finally these ZnO:Al 
films are texture etched in hydrochloric acid and applied 
in silicon based thin film solar cells and modules. Parts 
of the presented data are already published in earlier 
work [6,7,8,9]. Here we focus on a direct comparison 
between reactive and non-reactive sputtering process. 
 
2 EXPERIMENTAL 
 
All ZnO:Al-films were deposited on glass substrates 
in in-line systems at IPV and IST either in static or 
dynamic mode. We applied high rate sputter deposition 
from metallic Zn:Al (0.5-1.0wt% Al) targets on a double 
cathode system or from single ceramic ZnO:Al2O3 
(99.5:0.5wt%) target. Cathode length was 750 mm in 
each case. More details of the sputtering systems and of 
the processes can be found elsewhere [6,7,10]. Substrate 
temperature and, in case of reactive sputtering, the 
working point were adjusted with respect to conductivity 
between 260 °C and 320 °C and in the transition mode, 
respectively. For solar cell application the etching 
behaviour of ZnO:Al was taken into account as an 
additional parameter for optimization of deposition 
conditions. To gain a deeper understanding of the 
relationship between sputter process and film 
characteristics, we investigated dynamically and 
statically deposited ZnO:Al films by 2-point and 4-point 
probe and optical spectrometry. During etching in diluted 
hydrochloric acid (0.5%), the films developed rough, 
light scattering surface structures. Optimized films were 
applied as substrates for silicon p-i-n solar cells and 
small area modules on substrate area up to 30x30 cm². 
Details of silicon deposition by PECVD and the module 
preparation are described elsewhere [11,12]. Solar cell 
and module characterization was performed with a sun-
simulator under standard test conditions (AM1.5, 
100 mW/cm², 25 °C). 
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Figure 1: Normalized dynamic deposition rate as 
function of deposition pressure for MF reactive (black 
squares), and non-reactive processes with DC (blue 
triangles) or pulsed DC (green circles) excitation. The 
line was fitted according to the Keller Simmons model 
[13,14]. 
 
3 RESULTS 
 
 First, we investigated the influence of deposition 
parameters on deposition rate of ZnO:Al films. Figure 1 
shows deposition rate of ZnO:Al films as function of 
deposition pressure. The dynamic deposition rate was 
normalized with respect to the applied power to easily 
compare single and double cathode processes and 
different power levels. The data belong to reactive MF 
sputter deposition (squares) and non-reactive sputtering 
with DC (triangles) or DCP (circles) excitation. More 
details of these films are given later and in [9,10]. The 
line represents a fit on the closed squares observed at low 
power level according to a model after Keller and 
Simmons [13,14]. The drop of deposition rate at high 
pressure is significant above about 1 Pa and is related to 
a shielding effect of the gas particles between target and 
substrate. The equal values at different power levels 
(closed squares prepared at 2.7 W/cm² and open squares 
at 6 W/cm²) point to the fact, that there is a linear 
relationship between applied power and corresponding 
ZnO:Al deposition rate even for optimized working point 
that has a strong influence on deposition rate [6]. This 
linearity is also valid for non-reactive sputtering. The 
highest rate of up to 120 nm m/s (at 6.7 W/cm² on dual 
cathode) was achieved for reactive sputter deposition, 
while from ceramic targets highest growth rate per power 
is in the range of about 70 % of the reactive deposition 
rate and we achieved rates up to 50 nm m/s (at 8.0 W/cm² 
for one single target). Due to arcing it is very difficult to 
achieve stable plasma conditions at high power for DC 
excitation, so deposition rate and choice of other 
deposition parameters is limited [9]. Pulsed excitation 
from ceramic targets leads to additional decrease of about 
10 % as compared to the real DC excitation, but higher 
power densities can be applied without affecting the 
plasma stability.  
 That means that reactive sputtering is best suited for 
fast preparation of ZnO:Al films with a further advantage 
of significantly cheaper target material. 
 In the next step we investigated the optical and 
electrical properties of such films. Substrate temperature 
and working point are optimized to achieve lowest 
resistivity at high transparency. All films exhibit high 
transparency in the visible and nearinfrared range of the 
sun spectrum above 80 % in average. Figure 2 shows 
resistivity (ρ) as function of deposition pressure for 
reactive and non-reactive sputter deposited films at low 
(2.7 W/cm²) and high power density (6 W/cm² for 
reactive and 8.3 W/cm² for non-reactive sputtering). In 
both cases, resistivity increases if the deposition pressure 
is reduced. This is somewhat apparent for reactively 
sputtered ZnO:Al films, but for non-reactive sputtering 
resistivity increases by more than a factor of 1.5 
compared to lowest ρ in the pressure range between 1 Pa 
and 2 Pa. While resistivity is independent on power level 
for reactive sputter deposition, by non-reactive sputtering 
ρ of ZnO:Al films increases with applied power level. 
Additionally, ZnO:Al films from ceramic targets exhibit 
slightly higher resistivity in the whole pressure range as 
compared to reactively sputtered ZnO:Al films. 
 The influence of pressure and power can be 
understood, if one looks at statically deposited films. 
Figure 3 shows resistivity as function of position on the 
substrate for statically deposited films. The films were 
prepared by reactive MF sputtering at different working 
points (left), by non-reactive sputtering with pulsed DC 
excitation at different deposition pressure (middle) and 
by DC excitation at different discharge power (right).  
 All static prints exhibit distinct maxima of ρ at the 
positions of racetracks. Height of these peaks and 
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Figure 2: Resistivity ρ as function of deposition pressure 
for reactively mid-frequency (black squares) and non-
reactively DC (red triangles) sputtered ZnO:Al films. The 
discharge power density was 2.7 W/cm² at low power 
level (closed symbols) and at high power level (open 
symbols) 6.7 W/cm² and 8.0 W/cm² in case of reactive 
and non-reactive sputtering, respectively. The line is 
added to guide the eyes. Different behavior of resistivity 
with deposition pressure and power is observed for 
reactive and non-reactive sputtering. 
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Figure 3: Resistivity as function of position on the 
substrate for statically deposited films. For each process, 
different deposition parameters are compared: reactive 
MF sputtering (left, working point variation, only half of 
the double cathode), non-reactive sputtering with pulsed 
DC (middle, deposition pressure variation) and DC 
(right, discharge power variation) excitation.  
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Figure 4: I/V curve and module parameters of best 
tandem module on 10x10 cm² substrate area. The ZnO:Al 
front contact of this module was prepared by pulsed DC 
sputtering at a rate of 44 nm m/min from single ceramic 
target on 3 mm float glass. 
 
minimum ρ level vary with nearly every deposition 
parameter. The worse electrical properties of ZnO:Al 
films at race track positions are attributed to high energy 
oxygen ion bombardment [15,16]. The ion bombardment 
can be reduced by choosing the right deposition 
conditions like low power, high pressure and working 
points close to the metallic mode. The oxygen ion effect 
can also explain the different behavior of reactive and 
non-reactive sputtering observed in Figure 2. Oxygen 
ions are produced at the target surface and accelerated to 
energies corresponding to the discharge voltage. Close to 
the metallic mode the target surface in nearly free from 
oxygen and ion bombardment is strongly reduced. The 
ion bombardment may also be one reason for overall 
higher resistivity in case of non-reactive sputtering. 
 Another important issue for the application in silicon 
thin film solar cells is the surface topography of the TCO 
front contact to enhance absorption in silicon layers by 
light trapping. This was achieved by wet chemical 
etching of the sputter deposited ZnO:Al films in diluted 
hydrochloric acid. Craters develop during etching at the 
ZnO:Al surface. Films with optimized surface structure 
were applied in silicon thin film solar cells and modules. 
Table I contains best efficiencies of single junction 
a-Si:H and µc-Si:H solar cells and a-Si:H/µc-Si:H 
tandem modules. The single junction cells on reactively 
sputtered ZnO:Al were prepared on Corning 1737 glass. 
All other cells and modules were prepared on 3 mm float 
glass. That may be the reason for slightly better 
performance of the solar cells on reactively sputtered 
ZnO:Al. I/V curve and module parameters of the best 
small area solar module are shown in Figure 4. The 
performance of tandem modules is quite similar for both 
ZnO:Al preparation processes. However, we expect 
further improvement by optimizing the contact layers, 
silicon preparation process [5] and laser scribing [17] to 
exceed 10 % stabilized efficiency with industrial 
processes.  
Table I: Initial efficiency of solar cells (1x1 cm²) and 
solar modules on 10x10 cm² and 30x30 cm². Values of 
modules are aperture area efficiencies. 
ZnO:Al a-Si:H µc-Si:H 10x10 30x30 
reactive 10.1 % 8.2 % 10.3 % 9.8 % 
non-reactive 9.8 % 7.9 % 10.7 %    9.6 % 
  
4 CONCLUSIONS 
 
This paper addresses high rate sputtered ZnO:Al 
films for the application in silicon thin film solar cells 
and modules. We have compared reactive and non-
reactive sputter deposition. We achieved dynamic 
deposition rates of up to 120 nm m/min for reactive 
sputtering and high quality ZnO:Al films. Deposition rate 
from ceramic targets is reduced to about 70 % of the rate 
achieved during reactive sputter deposition. From 
deposition rate and electrical ZnO:Al material properties 
the reactive process is favourable, since resistivity is 
generally lower than for non-reactively sputtered films. 
Additionally the effect of high energy ion bombardment 
at low pressure and high power density, that reduces 
conductivity, is much more severe during non reactive 
sputter deposition. This situation of significant advantage 
of the reactive process is different for solar cell and 
module application. Here, both ZnO:Al preparation 
processes lead to very similar performance. We achieved 
an initial aperture area efficiency of solar modules on 
30x30 cm² substrate area of nearly 10 % in both cases. 
From these results we conclude, that reactive and non-
reactive sputtering can be applied for ZnO:Al front 
contact preparation with similar performance for solar 
module production.  
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